Earth-directed coronal mass ejections (CMEs) are the main other more complex models.
Isotope Analysis System/Mass Time-of-Flight (MTOF) experiment [Ipavich et al., 126 1998] on SOHO. The original selection was based on LASCO halo CME alerts
127
[see http://umbra.nascom.nasa.gov/lasco/observations/halo/; Gopalswamy et al., 2010] .
128
Some of those full halo CMEs have been later classified as partial halo CMEs in the online 129 SOHO/LASCO CME catalog [http://cdaw.gsfc.nasa.gov/CME list/; Gopalswamy et al., X -8 MÄKELÄ ET AL.: RADIAL SPEED -EXPANSION SPEED RELATION columns 2 and 3 present the shock arrival times at SOHO and the time of the associated 138 CME. The columns 4 and 5 give the central position angle (CPA) and the width (W) 139 of the CME as listed in the SOHO/LASCO CME catalog. The column 6 lists the solar 140 source of the CME (loc) in the heliographic coordinates of the eruption location as seen 141 in EUV images either from Atmospheric Imaging Assembly [AIA; Lemen et al., 2012] 142 instrument on the Solar Dynamics Observatory (SDO) or the Extreme Ultraviolet Imager 143 [EUVI; Wuelser et al., 2004; Howard et al., 2008] on STEREO. The column 7 gives the 144 LASCO CME speed (V ) in km s −1 . The columns 8-12 give the width (W 1 and W 2 ) of the 145 CME in degrees based on two methods of estimation, the LASCO expansion speed (V exp )
146
in km s −1 , the radial speed V rad in km s −1 calculated from the full ice-cream cone model 147 using the width (W 3 , column 13) of the CME in degrees as measured by the STEREO 148 spacecraft (s/c) listed in the last column. The STEREO spacecraft for which the CME 149 source region (flare) appeared to be closer to the limb was used for measurements. The 
154
For each CME we measured the lateral extent L of the CME in the LASCO/C3 field of 155 view at the time t as shown in Figure 1 and calculated the expansion speed V exp as
MÄKELÄ ET AL.: RADIAL SPEED -EXPANSION SPEED RELATION X -9 the disk. We measured the lateral extension by eye and we included only the CME main 161 body. In the C3 image shown in Figure 1 the CME is the bright round feature extended features visible mostly around the flanks of the CME, and they need to be excluded, when 167 estimating the CME extent. In order to do that we have viewed movies of both direct 168 and running difference images, while we were measuring the lateral extent of the CME,
169
because the flank of the CME is easier to discern from movies than from single frames.
170
Sheath regions are easier to identify in the images, because they are fainter structures 171 surrounding the CME. In the C3 image of Figure 1 , such a faint structure is visible at the 172 opposite side of the occulting disk to the CME.
173
Another estimate for the width (W 1) of the CME was calculated from a simple formula
174
proposed by Gopalswamy et al. [2010] based on the correlation between the LASCO CME 175 speed (V ) and the LASCO CME width: Figure 2 shows three simple geometrical models of a CME structure and the correspond- ice-cream cone models) bottom that corresponds to the leading edge of the CME. The
195
length of the slant, the height, and the radius of the cone are R, r, and l/2, respectively.
196
The angle w is half of the cone opening angle W , i.e. W = 2w. Assuming a self-similar 197 expansion of the CME, Gopalswamy et al. [2009a] showed that for each model the radial 
200
We studied the validity of the three CME cone models by comparing the speed ratio
201
V sky /V exp to the model predicted speed ratio f (w) using the three different CME width Table 1 ) of the CME measured using the 210 STEREO/COR2 images (W = 2w). Figure 3b shows the scatter plot between the radial obtained when using the CME width W 3 from the STEREO measurement (Fig. 3b) .
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Empirical Shock Arrival Model
Predicting the arrival of the CME and the associated shock remains one of the main 
where t is the shock travel time in hours, V is the initial CME speed in km s −1 , and A = 228 151.002, B = 0.998625, and C = 11.5981 [Gopalswamy et al., 2005b] . The derivation of 229 the ESA model takes into account the average standoff-distance of a CME-driven shock,
230
which is the distance between the shock and its driver, i.e. the CME. The distance depends 231 on the geometry of the driving CME and the upstream Alfvenic Mach number [see details
232
in Gopalswamy et al., 2005a] . The event-to-event variation of the CME properties and 233 the ambient medium result in variation in the standoff distance of the shock, which can 234 affect the arrival time of the shock front. The ESA model does not attempt to account 235 for those effects. However, the model parameters were obtained by using CME/shock 236 observations, therefore they do to some extent reflect the average combined effect of all 237 significant factors affecting the shock propagation. We used the ESA model together with the full ice-cream cone model (Figure 2a ) of the 239 CME to predict the shock arrival times. In order to calculate the radial speed V rad from 240 the measured expansion speed V exp , we need to estimate of the half width (w) of the CME.
241
As in Section 2, we use three different methods to estimate the CME width (W = 2w): of the lateral extension of the CME from the LASCO/C3 images (W 2 in Table 1 ; see also is the source longitude and ϕ is the source latitude in heliographic coordinates. 25.8 hours too early. The details of the associated CME together with another outlier 268 CME on 2012 July 12, which is not in our event list, are discussed in Gopalswamy et al.
269
[2013], who excluded both of these events. They note that the associated CME on 2011
270
February 15 was preceded by 11 CMEs within a 32-hour period. They suggests that the 271 slower preceding CMEs increased the effective drag on the 2011 February 15 CME, hence 272 it arrived significantly later than predicted by the ESA model. Table 3 lists the errors   273 for all models and CME width estimates used in our analysis. From Table 3 
Discussion and Conclusions
First we tested the validity of the V rad -V exp relationships derived using the simple 278 geometrical cone models of the CME derived by Gopalswamy et al. Our comparison of the ratio of the CME radial speeds measured from the STEREO/COR2 should be used for estimating the CME radial speed from the CME expansion speed.
294
Secondly we tested the accuracy of shock propagation model (the ESA model) proposed
295
by Gopalswamy et al. [2005a] , when the CME radial speed is estimated using the full ice-
296
cream model of the CME. We used three different methods to measure the CME width,
297
which is the required input for the CME model. We measured the CME width (i) directly 298 from the STEREO/COR2 images (ii) from the simple CME width-speed relationship
299
(Equation 2) suggested by Gopalswamy et al. [2010] and (iii) from the direct measurement 300 of the CME lateral extent in the LASCO/C3 images. Our results showed that the best 301 prediction accuracy is achieved when the STEREO/COR2 width measurement are used.
302
In that case the MAE between the observed travel time of the shock and the ESA predicted 
Mars was < 80
• in heliocentric longitude. They identified the associated CME driving 315 the shock from the SOHO/LASCO catalogue and modelled the CME propagation by 316 running the ENLILv2.6 model for which the MAS or WSA models provided the coronal 317 solar wind solution. The four of the six CME input parameters to the model (time,
318
speed, direction and angular width) were obtained using either the manual method by
319
Xie et al. [2004] or the automated method by Pulkkinen et al. [2010] . The other two 320 parameters, the CME density and temperature, were set to the standard values of 1200 321 cm 3 and 0.8 MK, respectively. Falkenberg et al. [2011] found that the MAEs of the shock 322 arrival times at Earth simulated with ENLILv2.6 were 13 hours (manual method) and 323 15 hours (automated method). In another study of 36 strong geomagnetic storm events,
324
Taktakishvili et al. [2011] were able to drive the input parameters for 20 CMEs out of 325 the 36 CMEs using the same methods of Xie et al. [2004] and Pulkkinen et al. [2010] .
326
They used the two sets of CME inputs to simulate the shock propagation with the WSA-
327
ENLIL model and obtained the MAEs of 6.9 and 11.2 hours, respectively. In addition,
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time-elongation measurements of CMEs using geometrical models that assume different 352 shapes for the shock front and they also assumed a constant CME speed and propagation 353 direction. They studied 22 CMEs and were able to reduce the MAE from 8. and Smart, 1984; Smart and Shea, 1985] results of these physics-based solar-eruption-driven models, our predictions of the shock 380 arrival times are comparable.
381
We conclude that the full ice-cream cone model of the CME is the best model to 382 estimate the CME radial speed from the CME expansion speed. We also note that all arrival times with those of other models, we can conclude that the ESA model using the of the three CME models of Figure 2 using the three different CME width estimates.
The angle w is half of the cone opening angle (W 1, W 2 and W 3 in Table 1 Differences between the observed travel time of the shock (t obs ) and the shock travel times (t ESA ) predicted by the ESA model. The CME speed was calculated from the full ice-cream cone model using the CME width (a) from the formula suggested
by Gopalswamy et al. [2010] using the CME catalog speed (W 1 in Table 1 ), (b) from the direct LASCO/C3 lateral extension measurement (W 2 in Table 1 ) and (c) the direct STEREO/COR2 measurements (W 3 in Table 1 ). MAE stands for the mean absolute error and RMSE for the root mean square error. 
